TPI1 promoter polymorphisms occur in high prevalence in individuals from African origin.
INTRODUCTION
The enzyme triosephosphate isomerase (TPI1; EC 5.3.1.1) is a housekeeping glycolytic enzyme required for cell maintenance. It catalyzes the isomerization of glyceraldehyde-3phosphate (G3P) and dihydroxyacetone phosphate (DHAP) and plays an essential role in glycolysis, gluconeogenesis, fatty acid synthesis and pentose-phosphate pathways (Maquat et al. 1985) .
TPI1 deficiency (MIM #615512) (http://www.omim.org/) is a rare autosomal recessive multisystem disorder, characterized by a decrease in enzyme activity in all tissues. In erythrocytes, that consume glucose to produce ATP, the conversion of DHAP to G3P is assured exclusively by TPI1 and this reduced activity is accompanied by an increase of DHAP (Schneider et al. 1965) .
Heterozygous individuals with one of the promoter polymorphisms in the TPI1 gene (MIM #190450, 12p13.31, GenBank NM_000365.5) are asymptomatic with intermediate enzyme activity (about 50% of normal TPI1 activity), but homozygous and compound heterozygous patients suffer from a strong reduction of enzyme activity (approximately 2-20% of normal), which manifests not only by congenital hemolytic anemia, but also by an increased susceptibility to infections, cardiomyopathy and progressive neuromuscular impairment (Schneider et al. 1965; Orosz et al. 2009 ). TPI1 deficiency is described as the most severe glycolytic enzyme abnormality and, almost all cases have ended in death in the fetal period or before age of five (Orosz et al. 2009 ). There is no effective therapy available. Mohrenweiser and Fielek (1982) analyzed the incidence of heterozygous TPI1 deficiency in an interethnic population and reported allele frequencies of 0.024 in African-Americans, ten times the frequency of 0.0024 observed in individuals of non-African origin. Watanabe et al. (1996) , analyzing the same samples, identified three different polymorphisms within or in close proximity to cis-active regulatory elements in TPI1 gene promoter: rs1800200A>G SNP (-5G>A), rs1800201G>A SNP (-8G>A) within the cap proximal element (CPE), and rs1800202T>G SNP (-24T>G) within the TATA box. The -5G>A substitution had no effect on TPI1 enzyme activity, in contrast to the -8G>A and -24T>G substitutions, associated with a progressive reduction of enzyme activity (Schneider et al. 1998) .
Variant TPI1 promoter alleles were found to be geographically widespread. However, while the -5G minor allele has global geographical distribution and has attained high frequency in African, Caribbean and Oriental populations, the -8A minor allele had been found in geographically dispersed populations, being more frequent in individuals of African origin (Humphries et al. 1999; Manco et al. 2009 ). Humphries et al. (1999) reported that -5G and associated haplotypes were found to be in linkage disequilibrium (LD) with an intragenic polymorphism at nucleotide 2262 in intron 5 (Arya et al. 1997) , which could be indicative of a common ancestral origin. Schneider et al. (1998) suggests that the high incidence of these TPI1 promoter polymorphisms in African-origin populations, associated to a reduced enzyme activity, may have resulted from some selective advantage for survival similarly to glucose-6-phosphate dehydrogenase (G6PD) deficient variants (Luzzatto, 2006) and pyruvate kinase (PK) deficient variants (Machado et al. 2010 (Machado et al. , 2012 and hemoglobin polymorphisms (HbS) (Fleming et al. 1979) . These are reminiscent examples of genetic diversity in African populations associated to protection of human host against malaria infection and resulting from the selective pressure that malaria has imposed to human populations.
Following this rationale, we investigated TPI1 promoter variants -5G>A, -8G>A, -24T>G and rs2071069G>A SNP in intron 5 (2262G>A), in infected malaria individuals from Angola and Mozambique, grouped according to the severity of malaria disease outcome. In addition, to explore their natural history we evaluated haplotype diversity and estimated their relative antiquity using microsatellites close to the TPI1 gene.
MATERIALS AND METHODS

SAMPLING
Peripheral whole blood samples were collected from unrelated individuals (mainly children under or equal to 15 years-old; only 7 adults with more or equal than 16 years-old in the asymptomatic group from Maputo, Mozambique) from two malaria endemic sub-Saharan African areas, Angola (N=124 from Luanda, Machado et al. 2010) and Mozambique (N=250 from Maputo, Machado et al. 2010 , 2012 and N=13 from Manhiça district, Marques et al. 2005 ).
These were all P. falciparum infected individuals with different malaria outcomes, defined as follows: (i) Severe malaria (SM): slide positive for blood-stage asexual P. falciparum at any parasite density, fever (axillary temperature 37,5ºC), hemoglobin level of Hb<50 g/l and/or other symptoms, such as coma, prostration or convulsions; (ii) Uncomplicated malaria (UM):
slide positive for blood-stage asexual P. falciparum at any parasite density, fever (axillary temperature 37,5ºC) and hemoglobin level of Hb>50 g/l; and (iii) Asymptomatic infection 5 (AI): slide positive for blood-stage asexual P. falciparum at any parasite density in the absence of fever or other symptoms of clinical illness.
The 124 individuals from Angola belong to the following malaria outcome groups: 44 SM, 43 UM and 37 AI (Machado et al. 2010) . Same criteria were used to group the 263 isolates from Mozambique: 93 SM, 150 UM and 20 AI (Marques et al. 2005; Machado et al. 2010 Machado et al. , 2012 .
Blood was collected after the clinician examination and before the administration of any antimalarial drug and/or blood transfusion (individuals who had received a blood transfusion in the last six months were excluded from the study).
ETHICS STATEMENT
As reported before in Marques et al. (2005) and Machado et al. (2010 Machado et al. ( , 2012 , the human isolates collection was approved by Ministry of Public Health of Angola and Mozambique and by the local Ethical Committees at the institutions involved in those studies. Informed consent was obtained from all individuals.
DNA AMPLIFICATION AND GENOTYPING OF THE TPI1 GENE PROMOTER REGION
The promoter region of TPI1 gene was amplified following the PCR conditions and primers described by Schneider et al. (1998) . The PCR product (258bp) was digested with the restriction enzymes TseI, MscI and SfcI from New England Biolabs (Baverly, MA) to examine -5G>A, -8G>A and -24T>G polymorphisms, respectively (Schneider et al. 1998) ( Fig. 1 ). DNA fragments were resolved by electrophoresis in 2% agarose gel stained with ethidium bromide under UV transillumination.
ANALYSIS OF TPI1 GENE INTRON 5 POLYMORPHISM
The polymorphism at 2262 nucleotide (Arya et al. 1997 Sequences were analyzed with Chromas Lite software version 2.01 to identify specific variation. initially at 95ºC for 15 min, followed by 40 cycles of 94ºC for 45 s, annealing at 63ºC to CD4 and 60ºC to ATN1 for 1min, and 72°C for 1min. After a final extension step of 10 min at 72°C, reactions were stopped at 4°C. Amplified products were separated by capillary electrophoresis in a genetic analyzer ABI3730 (Applied Biosystems, USA) at the DNA Analysis Facility on Science Hill, Yale University (USA). Fragment sizes and genotypes were scored using the software GeneMarker 1.4. (Softgenetics, USA).
MICROSATELLITES
AGE ESTIMATION OF TPI1 VARIANTS
To estimate the age of the most recent common ancestor of haplotypes from the different TPI1 variants, we simulated the overtime decay in LD in a population of infinite size and calculated the microsatellite allele frequency distribution in each generation by using the following relation:
where ( , ) is the frequency of a marker microsatellite allele with repeats in generation of mutated chromosomes, qi is the frequency of that allele in the whole population, μ represent the microsatellite mutation rate, and θ the recombination fraction, as described in Seixas et al. (2001) . The number of generations leading to a match with the observed frequency of the ancestral microsatellite allele within each protein variant was chosen as the estimate of age of mutation (Seixas et al. 2001) . A microsatellite mutation rate (μ) of 0.001 and a correspondence of 1cM = 1Mb for the recombination fraction (θ) or 1 cM defined as θ = 0.01 (Ott 1999; Sudbery, 2002; Ulgen et al., 2005) were considered. Considering the distances of approximately 70Kb and 79kb between CD4 and TPI1 gene and ATN1 and TPI1 gene, respectively (UCSC Genome Browser), the recombination fractions are 0.00070 and 0.00079
for the ATN1 and CD4 locus, respectively.
STATISTICAL ANALYSIS
Allele frequency values, observed heterozygosity (Ho), expected heterozygosity (He) Genotype distribution showed no deviations from the Hardy-Weinberg equilibrium (P>0.05) for all polymorphisms.
Seven genotypes for -5 and -8 loci were identified by direct individual counting ( Table 2) .
Six of them were present in both populations: -5AA/-8GG, -5AG/-8GG, -5AG/-8GA, -5GG/-8GG, -5AA/-8GA and -5GG/-8GA, while the -5GG/-8AA homozygous genotype was only observed in Mozambique (1%, UM and SM groups) (Fig. 2) . About 45% of the Angolan and Mozambican individuals show the -8A variant. In Angola 8%, 19% and 18% individuals from the AI, UM and SM groups, respectively, presented the -8A allele in both homozygous and heterozygous genotypes and in Mozambique it was present in 20%, 14% and 11% of the individuals in AI, UM and SM groups, respectively. However no statistical significant differences were found when sample differentiation between the three malaria outcome groups was tested for individual polymorphisms -5G>A or -8G>A (exact P values ranged between 0.11 and 1.00).
Six haplotypes were observed, the -5G/-8G/2262A (GGA, H5) haplotype being exclusive to Mozambique in the UM (2%) and SM (2%) groups (Table 3) . Frequencies of haplotypes between malaria outcome groups were not significantly different (P>0.05) but the GAG haplotype (H4) was the most frequent within the UM groups (Angola: 8.1%; Mozambique: 7.3%) when compared to the SM groups (Angola: 6.8%; Mozambique: 5.9%).
Linkage disequilibrium between the three bi-allelic polymorphic loci was significant in all malaria groups from Mozambique. In Angola, this did not happen in the severe malaria group for the loci combinations -8/-5 and -8/2262 (Table 4 ). In concordance, high r 2 values of LD were observed for the loci combination -5/-2262 in all malaria groups, both considering the two populations separately or together (Table 4 ).
MICROSATELLITES
Ten and 12 CD4 alleles were identified in Angola (ranging in size from 137-182bp) and
Mozambique (137-192bp), respectively; regarding ATN1, 14 alleles (197-242bp) were identified in Angola and Mozambique populations (Fig. 3 ). Isolates where amplification 9 failed were excluded from the analysis. The frequency distribution is similar in the two populations for both loci.
Allelic variation of CD4 and ATN1 microsatellites was estimated in Angola and
Mozambique populations within TPI1 gene variants (Fig. 4 ). Both microsatellites exhibited high allelic variation in association to -5A and -5G alleles. The -8A allele showed lower variability, being associated to six of the 10 and seven of the 12 CD4 alleles and to six and four of the 14 ATN1 alleles in Angola and Mozambique, respectively.
AGE OF TPI1 PROMOTER VARIANTS
Mutations age for the single nucleotide variants -5G>A and -8G>A was estimated based on the expected STR mutation rate and decay of LD due to recombination between a STR polymorphic marker and the single nucleotide locus over the generations. Haplotype frequencies for the two microsatellites CD4 and ATN1 located respectively 70 Kb and 79 Kb downstream and upstream the TPI1 gene were considered. For the -5 locus the -5G was considered as the ancestral allele because it was the most common allele found in non-human primates (chimpanzee) (http://www.ensembl.org) (Humphries et al. 1999 ). Estimates of mutation age for the TPI1 promoter variants, -5G>A and -8G>A, based on CD4 and ATN1 microsatellites are depicted in Table 5 . The -8G>A mutation age was estimated on two possible backgrounds, -5G and -5A. Results based on CD4 molecular marker show more ancient ages than those calculated from ATN1 locus.
As expected, the -5A polymorphism is older than -8A polymorphism, with an average estimate of approximately 35,000 years in both populations, assuming a mean value of 28 years per generation (Fenner, 2005) . When the -8A variant is considered to be associated to the -5G background, it shows an average age of 10,976 (7,868-14,784) years in Angola population and 20,804 (16, 880 ) years in Mozambique, whereas when associated to the -5A background, an age of 7,504 (2,716-14,784) years in Angola and only 1 generation (28 years) in Mozambique population was observed.
DISCUSSION
The clinical importance of the TPI1 promoter polymorphisms regarding TPI1 deficiency remains unclear. Schneider et al. (1998) suggest that the association between the high prevalence of polymorphisms and moderate reduction of enzyme activity may result from a selective advantage for survival. On the other hand, Humphries et al. (1999) , based on the high allelic variation at CD4 locus among the TPI1 promoter variants and the loss of LD between CD4 and TPI1 promoter haplotypes, suggested that the haplotype diversification precedes the separation between African and non-African populations that occurred about 100,000 years ago (Flint et al. 1993) .
Following the hypothesis of Schneider et al. (1998) we may propose that TPI1 polymorphisms could have appeared as a selective advantage for survival against malaria, as reported to other erythrocyte enzymatic deficiencies.
The lack of a carboxylic acid cycle makes the malaria parasite exclusively dependent on glycolysis to gets ATP, mainly from its host cell glycolytic pathway. Subbayya et al. (1997) described that glucose consumption is 50 to 100 times higher in malaria-parasitized erythrocytes than in healthy erythrocytes. Consequently, with lower erythrocyte TPI1 enzyme activity the erythrocyte cycle of Plasmodium could be impaired by ATP deprivation. Ritter et al. (1993) observed the presence of autoantibodies against TPI1 (IgM) in P. falciparum infected individuals, meaning that TPI1 activity is self-limited in direct association with prolonged hemolytic anemia condition. These findings suggest that total or partial inhibition of TPI1 enzyme may affect the malaria parasite proliferation.
There are other evidences of a possible effect of TPI1 deficiency on the malaria parasite.
TPI1 deficiency is associated with about 30-40 times higher cellular accumulation of DHAP (Orosz et al. 1996) Individuals from Angola and Mozambique present 47% and 53% of genotypes with TPI1 promoter variants, respectively, which are consistent with those previously described by Humphries et al. (1999) and Manco et al. (2009) for the African population.
The -24 locus was monomorphic for the wild-type allele, which can be explained by the strong reduction of enzyme activity associated to this mutation and consequently to severe cases of TPI1 deficiency (Schneider et al. 1998) . Functional studies of erythrocyte TPI1 enzyme activity showed that -5G>A substitution had no effect on TPI1 enzyme activity, in contrast to the -8A polymorphism, which is associated with a moderate reduction of enzyme activity (Schneider et al. 1998 ). Both polymorphisms, -8A and -24G are localized in conserved promoter regions CPE and TATA and most probably can impair the binding of transcription factors on these regions, affecting gene transcription (Humphries et al. 1999b ).
The -5 locus showed higher genetic variation comparing with the -8 locus (He= 0.41 and 0.14, respectively), that confirm the results from Humphries et al. (1999) of an elevated prevalence for -5 TPI1 polymorphism in African and Oriental populations. On the other hand, this author reported a low genetic variation for the -8 TPI1 variant in individuals of African origin but we found this polymorphism in 45% of the individuals genotyped.
Regarding malaria outcome groups, -8A TPI1 variant was more frequent in the UM group (19%) from Angola and AI group (20%) from Mozambique. Also GAG haplotype was more frequent in these groups although haplotype frequencies among -5, -8 and 2262 TPI1 variants did not significantly differ. Schneider et al. (1998) observed that most of the Afro-American subjects with lower TPI1 enzyme activity values carried the -5G-8A haplotype and in this study, although not significantly, it was more frequent in non-severe malaria cases. These results could suggest some effect and association with lower TPI1 activity and protection against malaria severity.
As already mentioned before, TPI1 promoter haplotype diversity in different geographic populations is a controversial issue in the scientific community, namely the discussion about genetic events that could have been the cause for this high diversity. Genetic recombination is unlikely to have contributed significantly to haplotype diversity due the short distance (20bp) on the TPI1 promoter haplotype framework and Humphries et al. (1999) suggest that -8A polymorphism has arisen independently by two mutation events, which could explain its presence in the two haplotypes (-5G-8A and -5A-8A).
Regarding linkage between the studied loci, a significant LD between -5 and -8 TPI1 variants was expected due their physical distance of only 3 nucleotides (Fig. 1) . However, in the SM group from Angola and in the AI group from Mozambique these loci are in linkage equilibrium. The lower LD involving the -8 locus in combination with -5 or 2262 loci, also reflected by the r 2 values of LD, could reflect the independent origins of -8G>A in both haplotypes -5G and -5A (see Table 3 ). LD was significant between TPI1 loci -5, -8 and 2262
in Mozambique within all malaria groups and in the UM group from Angola population.
The significant LD observed among -5 and 2262 loci in both populations supports the reports of Humphries et al. (1999) on this disequilibrium, whom attributes it to a common ancestral origin, probable in Africa and preceding the modern human dispersion.
Viewing the high frequency of TPI1 promoter variants in African population, we used LD to measure the association between a single allele at one locus and with multiple loci at various distances to assess the age of each allele by the decay of its association. The positive selection causes an unusually rapid rise in allele frequency, occurring over a short enough time and recombination does not substantially break down the haplotype on which the selected mutation occurs. A signature of positive natural selection is thus an allele having an unusually LD given its population frequency (Sabeti et al. 2002) .
Based on these principles, we intended to find any evidence concerning the arising and dispersion of -5G>A and -8G>A polymorphisms during human genetic evolution.
The age estimation for these mutations suggested a much lower age than the dispersion period of modern human populations originating from Africa, rejecting the hypothesis of Humphries et al. (1999) . The estimate of about 35,000 years for the -5G>A mutation in both studied African populations would explain the high frequency of this variant in the African subjects. These data are supported by the elevated intra-allelic variation of CD4 and ATN1 loci. Despite this, among non-African populations, the allelic distribution of -5A is very similar to the African population (Humphries et al. 1999; Manco et al. 2009 ).
The -8A mutation seems to be a much more recent event in African population and considering that the -8A allele had arisen by successive mutations in two different backgrounds (-5G and -5A), we calculated the age of this mutation, on two mutational events. Probably due to the phenomenon of migration, it had emerged differently in both populations.
The second mutational event (on the -5A haplotype) showed a more recent age, but diverged greatly in the two populations. This mutation would have occurred for the first time in Angola region with an age estimate about 2,716-14,784 years ago; in Mozambique, this mutation appears to be much more recent, associated to only 1 generation (28 years). 13 Despite the similar allele frequencies of -8A allele in Angola and Mozambique (7.6 and 7.3%, respectively), in Mozambican population the haplotype -5A-8A is linked with only one allele of both microsatellites. This result suggests that not enough time has elapsed yet to accumulate variation or recombination on microsatellites, another sign of a recent age for this second mutational event.
Historical and archaeological evidence suggest an age of 10,000 years as the evolutionary period of the malarial selective impact on human populations. This period is consistent with origin and expansion of agriculture in the Middle East and Africa, leading to the conditions for one of the principal malaria vectors, Anopheles gambiae, to spread. Further, the agriculture development allowed an increase of human population density, which also enabled the spread of infectious diseases (Armelagos et al. 1996; Uneke et al. 2009; Tishkoff et al. 2001) . Joy et al. 2003 suggest that the parasite migration outside of Africa happened before the human migration out of Africa about 40,000 to 130,000 years ago, during the Pleistocene expansion.
The age calculated for -8A allele on the -5G background (16, 880 years) exceeded the period of 10,000 years, but when associated with the -5A haplotype is much more recent (2,716-14,784 years) and the estimate are within the selective pressure period from malaria.
This could be a possible reason for the spread of the -8A polymorphism in malaria endemic countries.
The study of the TPI1 promoter variants allele and haplotype frequencies in different malaria outcome groups was not conclusive but we consider that altogether the following gathered results support the hypothesis that the arising and spread of TPI1 polymorphic variants could have been due to a selective advantage against malaria: (1) the high frequency of TPI1 promoter polymorphisms observed in the African populations studied, previously associated to a reduced TPI1 activity, (2) higher frequency of the allele -8A and the haplotype GAG (-5/-8/2262) in non-severe malaria groups, (3) the significant LD between TPI1 promoter region and (4) the age estimate for TPI1 -8 variant within the period of origin and spread of agriculture and the malaria mosquito vector in Africa. To confirm these results, it would be important now to further investigate not only the TPI1 promoter haplotypes but also measure the TPI1 activity in the malaria groups to ascertain the correspondence between the genotype and phenotype since the presence of a singular -5 polymorphism (associated to a normal enzyme activity) or an heterozygous -5/-8 (associated to a reduced enzyme activity) may vary between individuals.
